Abstract: Biological nanoparticles such as viruses and exosomes are important biomarkers for a range of medical conditions, from infectious diseases to cancer. Biological sensors that detect whole viruses and exosomes with high specificity, yet without additional labeling, are promising because they reduce the complexity of sample preparation and may improve measurement quality by retaining information about nanoscale physical structure of the bio-nanoparticle (BNP). Towards this end, a variety of BNP biosensor technologies have been developed, several of which are capable of enumerating the precise number of detected viruses or exosomes and analyzing physical properties of each individual particle. Optical imaging techniques are promising candidates among broad range of label-free nanoparticle detectors. These imaging BNP sensors detect the binding of single nanoparticles on a flat surface functionalized with a specific capture molecule or an array of multiplexed capture probes. The functionalization step confers all molecular specificity for the sensor's target but can introduce an unforeseen problem; a rough and inhomogeneous surface coating can be a source of noise, as these sensors detect small local changes in optical refractive index. In this paper, we review several optical technologies for label-free BNP detectors with a focus on imaging systems. We compare the surface-imaging methods including dark-field, surface plasmon resonance imaging and interference reflectance imaging. We discuss the importance of ensuring consistently uniform and smooth surface coatings of capture molecules for these types of biosensors and finally summarize several methods that have been developed towards addressing this challenge.
Introduction
Humans have always been intrigued by the microscopic world. Nearly 400 years ago, Robert Hooke's book of the microscopic world fascinated scientists by providing a glimpse into the previously invisible details of insects and minerals [1] . Advent of optical microscopy has provided detailed visualization and study of biological specimens including cells and bacteria. With the invention of photography, it was possible to capture images of the microscopic biological particles without human intermediaries for recording the visualization under the microscope, and thus, the true meaning of "seeing is believing" has been realized [2] . Today, non-optical microscopes allow us to probe into the once invisible world, and it has become possible to visualize the nanoscale biological particles. A lens-based optical imaging system (conventional light scattering microscopy) cannot discern details that are closer than half of the wavelength of light. However, in fluorescence microscopy -most popular imaging modality for biological specimens -this diffraction limit can be surpassed [3] . That the 2014 Nobel Prize in Chemistry was awarded jointly to Eric Betzig, Stefan W. Hell and William E. Moerner "for the development of super-resolved fluorescence microscopy" is a testimony to the importance of nanoscale observations in the biological world.
Synthetic and natural nanoparticles (NP) -generally defined as having a size of 10-100 nm -have enormous utility as well as potential adverse impact in biotechnology, human health, medicine, and food safety [4] [5] [6] [7] . Detection and characterization of biological nanoparticles represent unique challenges and opportunities. Viruses are the most abundant species on earth, with an estimated ~10 32 phages in the biosphere [8] and ~10 7 viruses on average in a milliliter of seawater [9] . The detection and identification of individual virions are of significant interest due to their potential relation with many infectious diseases and human cancers [10] . Early and sensitive detection of infections is important especially for high impact diseases leading to epidemics. Consequently, many detection systems for viral diagnostics have been developed during the outbreaks [11] . Along with the infectious diseases, viruses are considered to be linked with many human cancers. Although the specific mechanisms leading to cancer subsequent to infection with the particular viruses are not always clear and established, usually, a single virion is found to be the responsible [10] . In addition, it is important to detect the biological nanoparticles in their innate environment such as in serum or other bodily fluids without altering the physiological conditions in order to be more accurate and free of manipulation during the detection. Consequently, there is always a need for single-particle detection systems that are robust, affordable, high-throughput, sensitive in heterogeneous media, and less technically difficult.
The structure and size of viruses vary in a wide range with high complexity in shape. They are found in various forms such as long or short rods, spheres, spheroids, or spheroids with tails. Not many of viruses are in uniform size [12] . Also, for particular viruses, variation in particle size is a phenotypical characteristic. Hence, structural information is significant in classifying viruses. Understanding structure and size gives further information about the mechanisms of certain biological processes and interaction of the virus particles with the cell receptors and antibodies in the blood stream. The size of viruses varies from 20 nm to 300 nm [13] . In particular, the smallest viruses so far are found to be around 18-22 nm in diameter [14] , only slightly smaller than the human antibodies with an average size of 12 nm [15, 16] . While the commonly used detection methods for virus detection are conventional immunoassays and polymerase chain reaction (PCR), the former assay is limited with quantification problems and the latter requires well-established tools with high instrumentation costs and experienced labor. Neither of the conventional diagnosis assays provide any information about the size or shape of the virus.
Another class of abundant biological nanoparticles is exosomes, which are phospholipid nanovesicles that are secreted by mammalian cells [17] . The interest towards these vesicles of has grown exponentially over the last several years following the discovery that they are involved in intercellular communication by serving as transfer vehicles of proteins, mRNA, and miRNA between cells [18] . Their size changes in a range of 30 nm-100 nm [19, 20] . Recent studies have shown that a large number of exosomes are released from the cells in most types of cancer, which reserve molecular information about the original tumor [21] . Detection and identification of exosomes are challenging due to cumbersome purification steps and the requirement for labeling. Conventional isolation and detection techniques such as enzymelinked immunosorbent assays (ELISA) and Western blot are usually time consuming and require large sample volumes, isolation, and post-isolation steps.
In summary, both viruses and exosomes are of vital interest for biological studies, and they represent similar challenges in detection and visualization due to their small size and low refractive index contrast. Due to the growing need in rapid detection and quantification, there has been a significant interest in the development of sensors for biological nanoparticles. For reliable results, it is crucial to detect them with high sensitivity. Fluorescence-based microscopy techniques have been developed extensively for detection of biological nanoparticles and molecules [22, 23] . They require fluorescence labeling of the single natural nanoparticles, which makes them less applicable for a variety of samples. Moreover, nonspecific binding of the fluorescent labels to the other components in the heterogeneous media or formation of aggregates remains as a challenge in fluorescence detection systems along with the inconstancy of the fluorescence signal independent of the size of the biological nanoparticles [24] . Also, irreversible photobleaching of the fluorescent label limits observation time. Electrical sensors also provide single virus or biological particle detection. However, as they are very dependent to the environmental conditions and the properties and content of the sample media such as pH, heterogeneity, and changes in ionic strength, they suffer from specificity and selectivity issues [25, 26] .
Optical biosensors are highlighted with their distinct properties and advantages such as high sensitivity, easy adaptation to multiplexed systems, and portable operation capability [27, 28] . They are also attractive due to their non-invasive nature. Elastic light scattering-based direct detection methods that require no molecular labels are more advantageous than fluorescence methods that may suffer from variability and temporal decay of the signal due to photobleaching. However, as the elastically scattered light intensity induced by the illumination of the nanoparticles scales with the sixth power of the particle size, it is very difficult to detect small biological nanoparticles over the background scattering [29, 30] . Consequently, eliminating the background noise for small particle detection is of vital importance.
In this review, we discuss emerging optical biosensor techniques for detection of biological nanoparticles with particular attention to label-free methods in imaging modality. Our focus is on bio-nanoparticles (BNPs) that are smaller than 100 nm in size and have low refractive index contrast with respect to the surrounding medium. Many of the emerging optical techniques rely on capturing BNPs on sensor surfaces and image enhancement by a variety of methods including background reduction as in dark-field microscopy, imaging surface plasmon resonance, and interferometry. The study of BNPs has two modalities: detection and characterization. For detection, it is critical to have visibility of the nanoparticles with sufficient signal-to-noise ratio. Discrimination from the background is necessary for accurate detection to avoid false positives. For light-scattering-based direct detection, discrimination often requires coarse size determination. In case of characterization, light-scattering techniques must provide more detailed information about the physical properties including size and shape of BNPs. The inability of light-microscopy in providing chemical specificity is overcome by using sensor surfaces with specific capture probe molecules such as antibodies or aptamers. Within the context of this multi-faceted challenge, we explore the influence of a common denominator -surface morphology. Clearly, to detect the presence of a 30-100-nm biological nanoparticle on a sensor surface and characterize its physical properties (size and shape), the morphology of the surface must be carefully considered. We address limitations due to surface roughness, consider the implications for different optical imaging techniques, and discuss various surface preparation methods to overcome the challenges imparted by the roughness of conventional antibody surfaces.
Label-free optical imaging detectors of single biological nanoparticles
Conventional light scattering microscopy cannot resolve features much smaller than the illumination wavelength due to the diffraction limit. When we consider imaging a sensor surface with a sparse distribution of nanoparticles, classical understanding of optical resolution may no longer be the primary concern. In this case, objects of interest, i.e. nanoparticles, may not be visible above the background, as they scatter light very weakly. Radioisotope and fluorescence staining, therefore, have historically been used to "decorate" or "label" biological nanoparticles and increase their visibility. These labels can add molecular specificity (for example, by using a fluorescently labeled antibody or complementary oligonucleotide), but they may hinder characterization of physical properties and also increase assay complexity and cost.
To address applications where these are major concerns, a variety of label-free assays for BNPs have been developed. Many of these techniques utilize light and, either directly or indirectly, detect light scattered by the BNP. Label-free optical imaging biosensors are those that use imaging optics to rapidly measure a large sensor surface area. In this section, we describe three members of the family of label-free optical imaging biosensors, which are darkfield microscopy (DF/TIRM), surface plasmon resonance imaging (SPRi), and interference reflectance imaging (IRIS, iSCAT) [31] [32] [33] [34] . We also introduce the notion that for label-free imaging approaches, even more than for other types of label-free sensors, the surface morphology of the sensor's functionalization is extremely important. Table 1 shows a comparison of label-free optical imaging biosensors utilized in the detection of BNP. The implementation and availability of these technologies at diagnosis near-patient are also shown. 
Label-free optical imaging biosensors are capable of specific detection of individual biological nanoparticles
A variety of more advanced and sensitive optical systems have been developed towards the goal of developing label-free detection of BNPs. This genus of optical biosensors can be further divided into surface-imaging and non-imaging methods. Surface-imaging sensors usually involve some type of far-field microscope, which detects the binding of individual nanoparticles to a relatively large (100-1,000,000 square microns) sensor surface. We consider non-imaging optical methods to include all optically resonant micro-or nano-structures that utilize diffraction gratings, micro-ring, micro-toroid, liquid-core, and whispering-gallery-mode resonators and other optical resonator devices. Many of these non-imaging approaches have been used to transduce the binding of single BNPs [41, 42] . However, they are qualitatively different from surfaceimaging methods; they generally have a functionalized capture surface that is orders of magnitude smaller than surface-imaging sensors and are usually capable sampling at much higher frequency. As such, the challenges in surface functionalization and signal-to-noise associated with those sensors are entirely different from those of imaging sensors. As an example, non-imaging resonant sensors tend to excel in studies of single-nanoparticle and even single-molecule interactions at the millisecond scale in a controlled solution [43] . However, surface-imaging sensors tend to be better suited for highly sensitive and multiplexed tests requiring large dynamic range in chemically complex or unknown sample solution, which are often characteristic requirements of diagnostic tests [38] . Our discussion herein is limited to surface-imaging biosensors and the impact of the morphology of surface coatings (functionalization) on their performance. Label-free imaging BNP detectors generally employ at least one of the following optical enhancement techniques to improve the signal-to-noise ratio: (a) background light rejection, (b) surface plasmon resonance, or (c) interferometric detection. In the following three sections, we describe and compare each of these techniques in detail.
Application of dark-field microscopy to BNP detection
In dark-field illumination methods, the illumination and imaging optics are configured in a way to reject specular reflection from planar surfaces and collect only scattered light from objects of interest. In this configuration, weak scattering objects such as BNPs can be visualized. An effective method of providing dark-field illumination is to utilize total internal reflection, in which case, scattering from BNP converts the otherwise non-propagating (evanescent) excitation to propagating fields that can be collected and imaged in the optical far field. Label-free optical imaging and quantitative detection of virus particles via total internal reflection darkfield microscopy have been demonstrated [31] . Real-time imaging can be performed by illuminating the virus particles on the surface with an evanescent field and collecting the scattered light from the individual particles as seen in Figure 1 . The intensity of the scattered light reflects the pfu/ml Very applicable Disposable polymer-paper fluidic cartridge capable of sensitive and specific viruses, detection limit 10-100 times more sensitive than commercial rapid tests [40] virus concentration in the sample. As seen in Figure 2 , virus particles appear on the glass surfaces as diffractionlimited spots [31] .
Application of surface plasmon resonance imaging to BNP detection
An elegant method of providing dark-field illumination and enhanced optical response to biological binding of nanoparticles on the sensor surface is achieved by surface plasmon resonance imaging (SPRi). In SPR, illumination is incident from a high refractive index medium at an angle larger than that of the total internal reflection as shown in Figure 3 . In the immediate vicinity of the interface, there is a decaying (evanescent wave) field in the low index material (typically the target solution) [45] . At the interface of a metal and a dielectric, oscillation of the free accumulated electrons creates surface plasmons (SPs). At a particular incidence angle, p-polarized incident wave is resonantly coupled into SPs causing a remarkable dip in the reflectivity signal [46] . The resonance condition is highly sensitive to local dielectric behavior within the extent of the evanescent field penetrating into the target solution. Thus, the binding of single BNPs can be detected in a label-free manner. Although SPR is a very sensitive method, it necessitates strict requirements for material properties and optical configuration. Among the available metals for SPR applications, generally, gold is used due to its stability and durability in various applications [47] .
SPR principle is applied in many fields including highthroughput screening, especially in detection of proteins, biological nanoparticles, and DNA sequences based on protein-protein interactions, antibody-antigen interactions, cell receptor-ligand interactions, and compliance of DNA sequences. In imaging modality (SPRi), the sensor surface is visualized via a CCD camera. After the modification of the sensor surface with the surface probes, images of the sensor surface are taken, which reveal the local changes on the surface ( Figure 4 ).
Application of interference reflectance imaging to BNP detection
Interference reflectance imaging is a technique in optical microscopy for improving the visibility of small inhomogeneities in or on layered substrates, for example, in cell microscopy [49] and integrated circuit inspection [50, 51] . Interference reflectance imaging has been utilized in several label-free biosensor designs, namely, by the Gauglitz group as Reflectance Interference Spectroscopy (RIfS), Sandoghdar group as Interferometric Scattering Microscopy (iSCAT), and Ünlü group as the Interference Reflectance Imaging Sensor (IRIS) [34, 52, 53] . All of these techniques measure the binding of biomolecules as small changes in the reflectivity or reflectivity spectrum of a layered substrate. The specific accumulation of biomolecules to the topmost layer in the substrate changes the local refractive index, effectively acting as an additional layer and thereby changing the reflectance spectrum of the entire substrate in a predictable manner. These three techniques use slightly different optical configurations, each yielding advantages and disadvantages. In previous-generation designs, both RIfS and IRIS measured the reflectance spectrum of a thin film substrate by using either a white light illumination and an imaging spectrometer (RIfS) or sequential illumination with different wavelengths of light (IRIS) [52, 54] . Both technologies have since switched to single-wavelength illumination from a light-emitting diode, as this approach allows the highest signal-to-noise and greatly improves processing speed when measuring small amounts of analyte [36, 55] . The challenge of detecting light scattered by individual BNPs is conceptually different from that of labelfree biosensors described earlier. As BNPs are usually less than 200 nm in diameter, their scattered light intensity is very often less than 0.01% the intensity of the incident illumination [33] . Mixing the scattered light field with a A gold film is coated onto one face of a glass prism, then prepared with a microarray of different capture "probes", and finally exposed to the sample solution. The binding of analytes to the surface changes the local refractive index (RI), which is detected via a corresponding change in the backside reflectivity of the film by a p-polarized laser beam. The illuminating beam is configured to excite surface plasmon polaritons in the gold film, which are highly sensitive to changes in local RI. Adapted from [32] . reference light beam, just as in a homodyne or heterodyne interferometer, allows such a particle to be detected as a faint, a weak but discernible change (in the order of 1%) in the intensity of the reference field. Provided that the reference field is sufficiently uniform and consistent and shot noise is sufficiently low, image processing software can automatically and consistently detect 1% contrast features in otherwise featureless surface region.
Both IRIS and iSCAT have been used to detect single BNPs, although with very different applications, resolution, and time scales [39, 56] . The single particle IRIS (SP-IRIS) instrument is virtually identical to IRIS, except that it utilizes a higher NA objective (typically 0.8-0.9). As SP-IRIS uses an LED with a temporal coherence length of only about 10-30 microns, it is possible to achieve a highly uniform illumination field via Köhler illumination. Both IRIS and SP-IRIS utilize polished silicon substrates, upon which 100 nm of thermally grown silicon dioxide. Polished silicon wafer production and thermal oxide growth are standard processes in semiconductor manufacturing, so IRIS substrates are quite affordable, costing about $0.30-$3.00 for a 12 × 25-mm chip. Single biological nanoparticles result in small, diffraction-limited perturbations in the reflected field, between 0.5% (around 60-nm diameter) and 10% (around 150-nm diameter). The excellent flatness and smoothness of the Si-SiO 2 substrate is a critical component for SP-IRIS, because it enables the detection of diffraction-limited spots that are only 0.5% dimmer (or brighter, depending on the objective's plane of focus [24] ) than the reference field even in the absence of dynamic measurements. This in turn allows the stage to be scanned, which enables a region of interest much larger than a single field of view. Figure 5 shows a schematic of an SP-IRIS microscope with a scanning XYZ stage. This instrument can detect captured BNPs across 30 microarray spots (i.e. a total area of several square millimeters) in 5 min, with the potential to image hundreds of spots. The impact of automated, large-area scanning is twofold. First, this enables multiplexed testing via microarray printing. Second, this enables the use of a larger sensor surface area for each target BNP, thereby increasing overall sensitivity.
Where SP-IRIS uses a partially coherent LED illumination, iSCAT uses a highly coherent laser beam. Wide-field coherent light imaging is nontrivial because of long-range interference effects and laser speckle -to overcome these, a ground-glass diffuser with temporal averaging may be used to ameliorate these effects, provided the exposure time is sufficiently long [34] . A second option is to limit detection to dynamic measurements, in which sequential images are subtracted pixelwise, yielding highly sensitive detection of small changes in what is an otherwise highly nonuniform illumination field [53] . A third, widely used option is to instead focus the illumination to a diffractionlimited spot and scan the focused beam throughout the object plane region of interest [57] . In this third case, a reference photodiode may be used to account for temporal variation in beam intensity, if necessary.
Like iSCAT, SP-IRIS may also be used to perform dynamic measurements of BNP binding in real time. This has enabled rapid tests for hemorrhagic fever viruses such as Ebola shown in Figure 6 [39] . Dynamic measurements with IRIS were a greater challenge as they require front-side imaging as well as high NA. These motivated the design of a custom microfluidic cartridge with a clearance of less than 300 microns between the chip surface and the nose of the microscope objective, which was eventually achieved with a multilayer structure of precut laminates mounted on an acrylic base. Discrimination of individual BNPs in liquid is slightly more challenging than on a dry substrate because the nanoparticle's scattering cross-section is proportional to the difference in refractive indices of the particle and its medium. Roughly speaking, the scattering cross-section of a biological particle (n≈1.4-1.6) in water (n≈1.33) is about one-half of the same particle immersed in air (n≈1). Nevertheless, real-time detection has improved SP-IRIS sensitivity and specificity for single BNPs in two ways. First, the ability to collect more data by imaging the same spot many times during the assay allows a much more accurate measurement of the particle binding rate, which was assumed to be linearly proportional with the target BNP's concentration in solution. Second, it allows for a significant increase in dynamic range. Note that an SP-IRIS measurement is saturated when so many BNPs are captured to the surface that they are too close to distinguish and count individually. Only a real-time assay can distinguish (in a single experiment) between a solution that saturates the sensor in 5 min and one that saturates the sensor in 1 h, for example. The third way in which in-liquid dynamic measurement has improved sensitivity is by removing the need to dry the surface before imaging. In our experience, we suspect that surface tension associated with drying may be strong enough to cause some de-binding of weakly-bound BNPs. Altogether, dynamic measurements with SP-IRIS combine high sensitivity and molecular specificity with multiplexed detection, which are crucial for medical diagnostics.
The detection of faint (1-3%), diffraction-limited features in the reflected reference field is made extremely difficult if the reference field is no longer homogeneous and uniform. Unfortunately, surface functionalization can cause highly nonuniform coatings unless certain precautions are taken ( Figure 7 ). For example, protein microarrays prepared by micro-droplet arrayers can have unexpectedly large, non-uniform spots, even after several rounds of optimization. The variable presence of BNP-like features on some spots has posed a significant challenge to developing automatic and robust particle-counting software. The development of surface chemistries, which improves the optical uniformity of spots, as well as improves repeatability for different spotted proteins, has been an unexpectedly important step for the translation of these biosensors to commercial application [58] . Protein microarray "spots" printed by a microdroplet arrayer can be highly heterogeneous and uneven, which can be a source of noise for label-free detection of BNPs. Depending on the spotting solution contents and the surface material, deposited droplets may dry to form spots with small diffraction-limited islands (top left), striations (top center), multi-scale heterogeneities (bottom left), and isolated regions of high immobilization (bottom center, near the top, and right edges of the spot). They may also accumulate salt deposits (top right). Contrast these poor spots with the one at the bottom right, which is very smooth, uniform, and flat. Developing a virus particle counting software that can filter out all of these types of features has been a significant challenge. Shown regions are 200 × 200 microns.
Surface morphology and immobilization of the surface probes in optical biosensing
In the most general sense, optical biosensors all utilize changes in scattering caused by either local or distributed changes in refractive index. Because the binding of nanoparticles to the sensor surface is detected as small local changes, the temporal and spatial variability of a system's baseline or reference signal limits the smallness of particles it can reliably detect. More generally, this source of noise limits the signal-to-noise ratio for any particle of interest. Hence, reducing this source of noise improves sensitivity in nearly all cases. Cells and cellular components are optically inhomogeneous, stemming from heterogeneity across multiple length scales. As an example, cytoplasm has a refractive index of 1.38, whereas that of a cell membrane is around 1.48 [59, 60] . Other structures in the cells, such as protein, have variable refractive indices ranging from that of the cell medium and up to as high as 1.53 [61] . The differentiation of target BNPs from such a complex background is a major challenge in label-free detection of BNPs.
Immobilization of probes and effect of sensor preparation
In solid-state (i.e. solid-phase) biosensor design, a crucial step is the biochemical preparation of the sensor surface to have molecular affinity for the target molecular or BNP. As discussed earlier, both the chemical functionality and surface morphology of the sensor surface impact the performance of label-free optical imaging biosensors. A proper biosensor surface has three key features that facilitate stable and significant responses during long analyses. First, the sensing molecule (also called the "capture probe") must maintain its native reactivity throughout the measurement. Second, the signal coming from the target particle must be larger enough than the background and sensor surface roughness. Third, the modified sensor surface must be selective and specific to the target BNP, interacting strongly with the target BNP yet non-fouling when exposed to a heterogeneous sample. Changes in scattering from nonspecific binding may overwhelm that of target BNPs, reducing sensitivity and resolution. Moreover, nonspecific binding may prevent BNP binding through steric hindrance. Therefore, to obtain a successful and robust assay, a strong immobilization of the sensing element on the assay surface and low background signal are required. Prior to single-particle detection, surface morphology should be measured with high sensitivity to determine the limitations in the measurements. The key concept in biosensing is to modify the sensor surface with one of the two interacting partners, while the other is ready to be detected in the media. The intensity of the signal is proportional to the amount of captured analyte on the surface, which mostly depends on the probe-target affinity and morphology of the surface. The requirements for a proper sensor surface can be approached by a convenient surface chemistry and immobilization of the biological probes. The surface immobilization has a vital influence on the nature of the interaction. Moreover, external labels may be used for detection of the target particles. This technique enables the selective detection of proteins, nucleic acids, or viruses via specific interactions between proteins, complementary nucleic acids, and their receptor proteins, respectively, with high sensitivity, even in real-time measurements [39, 61, 62] . On this basis, controlled immobilization of the surface probes and quality checking of the sensor surface are important for monitoring and characterization of these optical processes.
Determining the best immobilization technique for the application is extremely important. Conventional techniques for biomolecule immobilization include covalent binding and adsorption based on non-covalent interactions such as hydrophobic or electrostatic forces. In the former case, in order to form the covalent linkage, the sensor surface and the biomolecule must bear corresponding functional groups in their chemical structures. The decisive point here is to protect the right orientation and function of the biomolecules after the covalent bonds are formed. In order to have the biomolecule fully functioning on the sensor surface after immobilization, it must preserve its three-dimensional structure and reactivity with the complementary molecule.
Usually, antibodies or nucleic acids are used as surface probes for label-free biosensing. Surface functionalization with proteins is generally more complex and difficult than with nucleic acids due to their structural complexity along with the high number of various functional groups. For receptor proteins, antibodies, and enzymes, retaining the protein's secondary structure as well as binding site availability is necessary for maintaining function [63] . Antibodies are the most commonly used proteins for detection due to their specificities and high binding affinities. They are routinely isolated and manufactured for almost any macromolecules and used against many infectious agents [64] . Other types of proteins and carbohydrate-based probes with, in general, lower selectivity are also used in virus detection, for example, glycan molecules in influenza detection [65] .
Nucleic acid-based probes are used in DNA microarrays for many diseases and virus detection [66] . Orientation and stability are also important in nucleic acid immobilization on the surfaces. The surface of the optical detector is modified with a single-stranded or hairpin-like synthetic oligonucleotide, which has a sequence complementary to a target sequence wanted to be measured in the sample. Via hybridization of the DNA surface probe with the target DNA, the change can be detected with a label or label-free in the optical system. As the thermodynamics of hybridization on the solid surface are different than those in solution, surface chemistry is even more crucial in modification of biosensor surface with DNA probes [67] . Adaptation of the conventional techniques of calorimetry and melting curve analysis to surface immobilized probes is difficult for hybridization controls. However, characterization of DNA films on the sensor surface must be determined before the experiments for layer stability, structural arrangement, and quality of the immobilized probes. Immobilized probe layer morphology and stability are important issues especially in sample applications in which many species compete for binding the surface probes along with the target sequence [68] .
Importance of surface morphology in single particle optical imaging
Aside from selecting the proper surface chemistry, biofunctionalization of the sensor surface should be measured systematically. Procedures for biomolecule immobilization are employed in similar ways with the same principles; however, surfaces are usually poorly characterized. Any modification on the sensor may change the ability of the device to detect biomolecules. For instance, in optical resonators, the lowest possibly detectable concentration of the target in sample is usually proportional with the resonance linewidth (also called quality factor) [69] . Poor surface chemistry may cause an increase in linewidth, however, which increases the detection limit [70] . As surface biofunctionalization may occur in multiple steps, it is important to track these changes on the surface in each step and optimize accordingly [71] . In surface plasmon resonance biosensors, microorganisms and viruses can be detected via local changes in the refractive index. Due to the confinement of surface plasmon polaritons (SPPs) to within 100-200 nm of the gold-liquid interface, however, only a portion of the entire bacteria is detectable. For the same reason, the sensitivity of these types of biosensors also depends on the separation distance between the target BNP and the gold film. Furthermore, BNPs with a diameter larger than about the evanescent field decay constant are measured with decreasing sensitivity [46] . Hence, surface morphology must be designed accordingly. Despite being one of the most applied optical imaging techniques for BNPs, some limitations constrain SPR-based imaging systems. Having a few hundred-nanometer penetration depth of the evanescent field into the dielectric medium limits the detection of smaller sized particles [72] .
SPR imaging (SPRi) enables multiplexed and real-time measurements [32, 73] . However, sensitivity is a limiting issue in SPRi compared to the conventional SPR due to the difficulties in sample delivery in real time over the multiplexed spotted sensor surface. The use of microfluidic flow cells and the amplification of the signal with various techniques improve signal-to-noise ratio in many applications [73] [74] [75] [76] [77] . The effective thickness of the captured target layer is the layer of analyte on top of the surface probes on the SPR sensor, which has the major effect on the magnitude of SPR response. The measurements are based on the uniformity and consistency of these two layers on the sensor. However, the refractive index change within the layers also affects the SPR shift in the system. In conventional SPR imaging system designs, it is hard to keep the immobilized probe layer fixed and free of variations, due to the possible non-specific bindings and changes in the surface chemistry of the layer in real-time measurements.
Although the noise is an issue and relatively greater than in SPR, SPRi is utilized in many applications for detection of cells and bacteria [78, 79] . In one approach, the SPRi sensor surface was modified with a hydrogelbased interaction layer. When red blood cell-surface antibody interaction is investigated real time, it was found that the noise level was very high due to the non-specific binding and remaining total mass of cell debris on the surface [79] . As a result, only limited number of cell binding was detected.
Until recently, SPRi was not in use for detection of nanoscale BNPs due to certain limitations. Mainly, restrictions stemming from lateral resolution, SPR-based sensors remained useless for detection of viruses and virus-like particles [78] . However, in 2010, Wang et al. showed that with the right surface chemistry and functionalization, imaging and detection of virus particles on SPRi surface are achievable [48] . The diffraction patterns created by surface plasmon waves of the individual viral particle scattering were used to identify the particles and distinguish them from the background noise and interference patterns. As the intensity of diffraction pattern increases with the size of the BNP, they were also able to measure the size of the BNP. They have compared influenza A virus (IAV) particles versus artificial silica nanoparticles. Even though synthetic nanoparticles do not adhere to the surface and disappear in real-time imaging measurements, when they functionalized the sensor surface properly, they can capture, image, and count the viral particles on the surface. They obtained a non-specific and irreversible adsorption of the viral particles on the bare gold sensor surface. On the other hand, when they compared different surface modification such as PEGylation and antibody coating, they obtained lower intensity profiles. Even though PEG coating is usually used to prevent nonspecific binding and increase the sensitivity by lowering the background, in this particular case, on PEGylated surface, viral particles were observed as transient events, which shows the effect and diversity of surface morphology for each technique and target. Also, anti-influenza A antibody-coated surfaces provided reversible binding in real-time measurements. As seen in Figure 8A , different surface modifications created different signal intensities. Even though bare gold sensor had more capture, it cannot differentiate between the virus types, whereas anti-influenza A antibody modified surface was applied successfully for influenza A virus capture and remained fairly inert to the other type of virus, HCMV, yielding specific binding and significantly higher signal than the nonspecific bindings. By improving surface properties and system stability, the noise was reduced and they obtained a noise level of 0.3 mDeg, which can detect 13-nm-sized nanoparticles. The imaging intensities of the viral particles were used to determine their size, which was found as 109 ± 13 nm. In another study, viral particles were counted using SPRi [35] . When the viral particles were captured on the sensor surface, they appeared as bright dots on the background and counted in a very small field of view to improve the detection limit and block the signals coming from the other regions. The authors have showed that they can detect various concentrations of human immunodeficiency virus-like particles (HIV-VLP -spherical, 100-140 nm in diameter), influenza A virus (IAV -spherical, 80-120 nm in diameter), and tobacco-mosaic virus (TMV -elongated cylinder, 15-18 nm in diameter and around 300 nm in length) in complex buffers. They prepared the sensor surface in multiple steps. They first coated the surface with streptavidin and then with biotinylated antibody layer. While they checked surface roughness, a uniform and temporal constant background was observed. If a smooth and low-rough surface was not obtained at first, they kept saturating the surface with antibodies to obtain a low roughness in order to lower the background and to be able to distinguish the VLPs from background roughness. As seen in Figure 8B , after subtraction of the background, spherical IAV particles (a) and HIV-VLP (b) were characterized. The binding event is also confirmed with the intensity increase and stabilization in the SPR signal in Figure 8B (c) and (d), which is correlated with the size of the particle. However, binding of TMV could not be visualized due to its smaller size in diameter and vanishing on the surface roughness. Even though the surface modification with antibodies was successful and enough for the visualization of ~100-nm-sized viral particles, it was limited for imaging of smaller particles due to the crudity of the sensor surface.
Moreover, in a study where the optimal conditions for SPR imaging of nano-objects are discussed, it has been explained that the layer on the sensor surface and its roughness have great importance in local reflectivity resonance and in signal-to-background ratio [81] . In order to have this high ratio, the reflectivity should be minimum; however, due to the roughness and inhomogeneity of the substrate and the layer on the surface, the achievable minimum reflectivity is limited, which can be obtained as minimum as 1%. The authors were able to lower this by using different techniques to prepare the substrate surface such as magnetron sputtering of gold on glass yielding a proper thickness and 0.1% reflectivity [81] .
Limitations emanating from illumination profile necessitate a higher surface sensitivity compared to other types of microscopy such as confocal-based microscopy. Although the use of dark-field microscopy has been moderately explored in detection of BNPs, dielectric nanoparticles and virus particles have been successfully detected using TIR-based dark-field microscopy with sensitivity down to ~100 nm for virus particles [31, 82] . Moreover, in order to improve sensitivity and obtain a more uniform illumination profile, in addition to TIR illumination via a prism or an objective, planar waveguides can be used in the evanescent-field microcopy. The sample can be placed in the core layer of the waveguide, which is then exposed to the evanescent part of the guided light in a similar way to TIR illumination [83, 84] . As a result of this configuration, even though the penetration depth of and evanescent field is around 100-200 nm, the depth of evanescent field can be regulated from 100 nm to a micron via tuning the thickness and refractive indices of the core and cladding layers of the waveguide [85] . With an evanescent lightscattering microscopy technique, a simultaneous fluorescent and high sensitivity scattering imaging has been done for efficient detection surface binding of BNPs in a label-free way [80] . As well as all the other techniques, in this technique, in order to obtain the highest sensitivity based on evanescent illumination, background scattering must be suppressed. Therefore, a three-layer waveguide design was utilized. For refractive index matching and repressing the roughness of the core layer (root-meansquare surface roughness <1 nm), a silica core layer in between organic fluorinated polymer (CYTOP) cladding layers was used. By this way, the stray lights were reduced while the signal-to-background ratio was improved by enhancing the scattered light coming from the BNPs in aqueous environment. Single lipid vesicles were visualized with scattered and fluorescent light for demonstration as seen in Figure 8C . Individual lipid vesicles (~150-nm diameter) were capture on the sensor surface via specific protein receptor binding, and their size was determined. Moreover, after confirmation with a fluorescent dye, the same labeling was also achieved with 18-nmgold nanoparticles in order to prove the applicability of the technique with very small gold nanoparticle for studying single molecule interaction with surface-immobilized vesicles. In addition to labeling, molecular interaction on the surface bound vesicles was also determined with the same technique with high sensitivity. To do so, the surface of the silica region of the waveguide was modified with a layer of polymer called PLL-g-PEG/PLL-g-PEG-biotin for immobilization of lipid vesicles. It is known that this modification provides a low-rough surface and mediates strong binding, while it protects the nature of the molecular interaction and prevents unspecific binding of other biological molecules in the solution [86] . IgG binding to immobilized-lipid vesicles was monitored in scattering mode with a scattering intensity change.
Nearly all of the considerations mentioned earlier, regarding the impact of surface functionalization on the performance on SPR/SPRi biosensors, are applicable to interference reflectance BNP detectors as well. There are, however, a few salient differences. First, while SPR/ SPRi biosensors utilize SPP waves that are confined to a narrow region above the gold film interface, interference reflectance sensors detect only far-field scattering. Second, as SPP waves are highly directional, SPP diffraction from a BNP creates a relatively large (with respect to the far-field diffraction limit) and asymmetric feature in the SPRi reflectance image. By comparison, interference reflectance sensors are nearly always diffraction-limited imaging systems that register the presence of a BNP as a symmetric point spread function. Together, these differences may provide reason enough to believe that interference reflectance imaging is more suitable for the detection and characterization of BNPs. Consider that interference reflectance is much less sensitive to variations in the optical thickness of the surface coating, which can be different for two different protein spots, even on the same chip. Additionally, the extended and asymmetric effect of a BNP on the propagating SPPs may reduce the maximum number or density of BNPs that can be captured onto the sensor before they can no longer be enumerated, lowering the dynamic range -although dynamic measurement may be able to ameliorate this problem.
As mentioned earlier, IRIS has been used for VSV detection via surface-immobilized antibody probes [87] . In this study, the binding of viral particles to VSV-specific antibody spots was compared with non-specific antibody spots as a negative control, with a limit of detection of 3 × 10 5 PFU/ml. Very small binding of virions above the background was observed [ Figure 9A (a) ]. Note that in this study, captured BNPs were not detected individually -instead, an ensemble measurement was made by monitoring the reflectivity spectrum of the surface. In later studies, a high numerical aperture objective was used to detect the faint interference signal from individual virions. Calculating the size of a particle from the brightness of the resulting spot was nontrivial, because increasing the particle size increases the position of its centroid above the reflecting surface, thereby slightly increasing the optical path length difference between forward-and back-scattered light [24] . Once the substrate film thickness and surface morphology were optimized, individual BNPs ranging from 50 nm to 200 nm were detected by affinitybased capture in various complex media with SP-IRIS [88] . Specifically, vesicular stomatitis virus (VSV) BNPs with an ellipsoidal shape of around 70 × 180 nm were captured on antibody-immobilized sensor surfaces and individually counted as seen in Figure 9B . Even though various complex media such as serum or whole blood were used, background noise was reduced by eliminating nonspecific binding of particles with different sizes. In this study as well as others, proper surface morphology and functionalization were achieved via coating the sensor surface with a non-fouling copoly-(DMA-NAS-MAPS) polymer [58, 90] . The ssDNA and antibody capture probes were immobilized on the polymer under certain conditions to obtain the perfect spot morphology. The layered surface was checked via IRIS, and the thickness of ssDNA and antibody spots was determined after each modification. Thus, the smooth, uniform, and low-rough surface morphology was confirmed before further steps. In order to have a better spot morphology and target capture efficiency, the authors immobilized antibody probes via DNA-directed immobilization (DDI). For this, antibodies were conjugated with 40-mer-long oligonucleotides. The complementary sequences of these ssDNAs were selected as the surface probes. ssDNA surface probes were immobilized on the sensor surface. The chips were then incubated with the antibody-DNA conjugates; therefore, anti-VSV antibodies were immobilized on the sensor surface with DNA bridges. This hybridization was also confirmed with IRIS measurements, and surface roughness is validated. Although many layers of modification have been done on the sensor, as the roughness was appropriate and confirmed with lowmagnification measurements, captured VSVs were easily distinguished from the background yielding a high signalto-noise ratio. Moreover, same experiments also were repeated with direct antibody immobilization. When the VSV-capture results were compared, it was shown that DDI improved surface morphology and probe density on the surface; hence, a much higher dynamic range was obtained with DDI-antibody spots. Furthermore, as the recognition sites of the capture antibodies were more available and the antibodies more flexibly tethered, much less total antibodies were needed to achieve the same binding affinity of the spot. Specifically, equivalent virus capture was observed even when the average surface density of antibodies was 6 × lower. Finally, as the spot printing was performed with only DNA oligonucleotides, the spot uniformity and smoothness as well as process repeatability was greatly improved.
In another study, real-time rapid counting of virus was performed in serum samples using SP-IRIS [39] . The surface of the SP-IRIS chip and setup were modified with antibodies as a highly sensitive rapid detection platform for pathogen detection with minimal sample preparation. Captured VSV particles on the sensor represented higher signals and with the optimal surface chemistry described earlier; no non-specific binding coming from the complex media was observed. As a result, VSV-Ebola model was 
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Probe condition detected at a concentration of as low as 100 PFU/ml in less than 30 min. Moreover, digital exosome detection was demonstrated using SP-IRIS ( Figure 9C ) [38] . In this study, the size and multi-phenotype information from the same exosome were obtained. The size distribution for the exosomes from HEK 293 cell line was determined as 50-200 nm. Despite being very low refractive index and at very low concentrations in the real samples, with properly immobilized antibodies and smooth background, exosomes were captured and digitally counted with a detection limit of 3.94 × 10 9 particles/ml, which is very sensitive compared to conventional characterization techniques. Detection and characterization are two different problems for BNPs. Even though the detection is possible with these techniques, characterization needs to be done with the proper instrumentation and surface chemistry. Here, it is important to determine the size of the exosome particles. In order to determine the size, the surface roughness must be small enough to be able to differentiate between the BNPs as specific elevation of NPs due to surface morphology affects the perceived size as seen in Figure 9D [89] .
Interferometric scattering microscopy (iSCAT) also depends on the background during the measurements. Although the polarizability of the nano-object is large enough and there is no theoretical limit for detection, the limit stems from the nature of the background where the nano-object of interest presents. iSCAT can reach high signal-to-noise ratio in real-time measurements of localized nanoparticles. In a study, detection and tracking of single, unlabeled 45-nm Simian virus 40 (SV40) virions were shown [91] . The authors obtained an average contrast of 3.00 ± 0.87% for the scattering signal relative to the background on a glass substrate. Moreover, the binding of virions to receptor proteins in supported membrane bilayers on the sensor surface was tracked with iSCAT. However, as the authors stated, as all the measurements were performed on plasma cleaned-glass substrates, this technique is yet suitable for imaging or tracking nanoobjects in strongly scattering media such as serum or intact cell.
Conclusion
Biological nanoparticles are significant features in medicine and biomedical research. For the oncologist or immunologist, exosome vesicles contain a wealth of diagnostic information. Similarly, virologists and infectious disease epidemiologists demand and deserve better methods for the rapid and accurate detection and identification of viruses and virus-like particles. An impressive variety of methods have been developed with the goal of addressing this need. Among them, the so-called label-free methods tend to be the most rapid, for example, they been used to measure an effective virus titer, directly from the sample, in mere minutes.
Although the readout technology for these label-free methods is diverse, they all utilize some type of surface coating to provide molecular "recognition" for the targeted BNP. The sensor surface is thereby "functionalized"; without such coatings, label-free methods cannot differentiate between two exosomes, for example, of similar size but different surface antigens. By far, the most common way to functionalize a detector surface is to coat it with a monolayer of "capture" molecules, which have high molecular affinity for a surface antigen on BNP. The diversity of capture molecules -peptides, antibodies/antibody fragments, nucleic acid aptamers, etc. -is accompanied by an even more diverse set of chemical methods of covalently linking them to a variety of surface materials.
Designing an effective surface functionalization has many application-specific requirements. For example, the charge, conformal flexibility, surface density/distribution, and non-fouling properties are often essential performance characteristics for many label-free biosensor surface functionalization. Certain sensing methods described earlier -for example, SPRi -require the surface be a particular material and therefore limit available options.
The quality of the surface coating, therefore, has an enormous impact on the performance (sensitivity, specificity, and speed) of the overall detector. This is even more true in the case of label-free, single-particle biosensors. While label-free biosensors have historically been less sensitive than direct molecular methods (e.g. nucleic acid amplification or enzymatic assays), this has begun to change with the advent of sensors that enumerate the absolute number of BNPs immobilized on the sensor. In the ideal case, these highly sensitive methods are limited only by the shot noise associated with the independent capture of individual particles within a finite sampling window. For instance, if the instrument detects five particles within a particular time interval, it is not unlikely that repeating this measurement a second time with the same interval would yield four or six particles instead. However, there is almost always additional uncertainty as the signal-to-noise ratio of the biosensing instrumentation is not infinite. Here, too, the quality of the surface functionalization does have an impact on the total assay performance. In the case of label-free imaging sensors, the nanoscale roughness of the sensing surface can be a source of considerable noise. There are several methods that have been used to improve the quality (smoothness) of protein surface coatings, chief among them DNA-directed immobilization of virus-specific antibodies.
Label-free detectors of biological nanoparticles have a wide variety of applications in medicine and biological research. Utilizing appropriate surface functionalization methods can greatly improve the sensitivity, speed, and flexibility of these techniques.
